Electron holes are known to migrate along the DNA or RNA duplexes and to localize preferentially on successive guanines. The stationary point conformations of Gua pairs that can trap or let pass these holes have been characterized by quantum chemistry calculations. Here we show their recurrent occurrence in DNA and RNA X-ray structures, often in quadruplex conformations or in interaction with proteins, ligands or metal ions. These findings give support to the biological, possibly regulatory, roles of charge migration in cell functioning.
Introduction
Sequence-dependent electron hole migration is known to occur over long distances in double stranded DNA (1-3), and has now also been detected in RNA (4) . Some holes correspond to damage, resulting from radiation for example, and can be repaired by specific enzymes (5). In contrast, other electron holes have recently been suggested to have a biological role through the induction of long-range information signaling to specific DNA-bound proteins (2) . The existence of such an active role is supported by the finding that the amount of reactive oxygen species, of which some are able to create electron holes, is regulated by specific proteins and is higher during cell differentiation. This result suggests the existence of a possible regulation strategy (6) .
Even though this Journal covers quantum chemical calculations only occasionally (7) (8) (9) (10) (11) , its readers should be interested in what two of us have shown with the help of high-level /ab initio /multiconfiguration quantum mechanical calculations, and in particular in the result that for an ionized stacking of two consecutive Gua's (the most easily oxidized nucleic acid base) the relative positioning of the bases has an important influence on electron hole transfer (12) . Five stationary points have been characterized along the reaction path describing the passage of the positive charge from Gua 5' to Gua 3' : three minima M1, M2 and M3 and two saddle points S1 and S2 (Figure 1) . M1, in which most of the positive charge is on Gua 5' (Table I) is more stable by 3.84 kcal/mol than M3 where most of the charge is on Gua 3' . The intermediate minimum M2, where the positive charge is almost equally distributed between the two Gua's, is destabilized by 2.13 kcal/mol relative to M1. For comparison, we added in Table I the charge distribution of Gua pairs in ordinary B-form, computed using the same quantum chemistry approach as for the other conformations. Almost all the charge is found to be localized on Gua 5' , in agreement with experimental observation (13).
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A Hypothesis Paper
These quantum chemistry calculations showed that, starting from M2, a motion of Gua 5' to positive q values, as defined in Figure 1 , leads to a charge transfer to Gua 5' , whereas a movement of Gua 5' in the direction of negative n values results in a charge migration toward Gua 3' . Note that the calculations for obtaining the stationary point conformations were performed in vacuo. The justification for this is that, whereas the dynamics and rate of the charge transfer are profoundly affected by the solvent, the electronic coupling between successive bases is not (14) . These conformations thus correspond to regions that tend to trap the electron holes or facilitate their passage, with the dynamics of the transfer being modulated by the thermal fluctuations around these conformations.
In this paper we searched for the five stationary point conformations of ionized Gua pairs in DNA and RNA X-ray structures and analyzed the results with regard to structural motifs and biological functions.
DNA and RNA Structure Dataset
A list of X-ray structures containing nucleic acid bases was retrieved from the Nucleic acid DataBank (15) and their structures were downloaded from the Protein DataBank (PDB) (16). Pairwise amino acid and nucleic acid sequence comparisons were performed on all entries, using WATER and NEEDLE from the EMBOSS package (17), respectively. Redundant entries were eliminated by dropping all structures sharing more than 95% sequence identity except the one with the highest resolution. A set of 1499 X-ray structures was thus retained, listed in Supplementary Material (Table SI) . Among these, 768 contain at least one pair of successive Gua's, and in total these proteins contain 4160 such pairs.
Gua-Gua Stationary Point Conformations in the Dataset
The structure dataset was searched for the five stationary point conformations, by superimposing each of these on the Gua-Gua pairs present in the dataset, using the program U3BEST (18) . The matches that exhibit a root mean square (rms) deviation of 0.2 Å at most were identified as similar to the stationary point conformation. For Table SII of Supplementary Material for details. The summary of the occurrences of these conformations in the dataset is given in Table II , and a detailed list can be found in Table SIII. A total of 202 occurrences (192 when matches in identical chains are dropped) of stationary point conformations were identified among the 4160 successive Gua pairs present in the dataset, which amounts to almost 5%. These conformations do not seem to occur randomly and/or in low resolution structures only, as they are found in many homologous entries (see Table SIII ). For example, M1 occurs in several lysine riboswitches and in hairpin ribozymes, whereas S1 is repeatedly found in DNA quadruplex structures, DNA polymerases I and IV and guanine riboswitches.
Other differences among the stationary point conformations are observed : M1 occurs more often in RNA and S1 in DNA, while M2 and S2 are found exclusively in DNA. No occurrences of M3, the less stable minimum, are found. Moreover 63% of the S1 conformations and 60% of the S2s are part of protein/DNA or protein/RNA complexes, and the large majority of the remaining S1s and S2s are complexed with ligands or metal ions, or are in special conformations such as quadruplexes. This proportion is lower for M2 (33%) and yet lower for M1 (9%), the lowest energy minimum. This can be explained by the fact that M1 and M2 are energy minima, whereas S1 and S2 are saddle point conformations, which have no intrinsic stability but can be stabilized, for example, upon interaction with proteins, ligands or metal ions.
Some examples of stationary point conformations occurring in the dataset are depicted in Figure 2 . In the lysine riboswitch conformation, which is adopted by a stretch of mRNA upon binding to Lys and is involved in the regulation of translation in bacteria, the two Gua's in M1 conformation are close to the Lys ligand and several K + and Na + ions (Figure 2A ). The lack of electrons surrounding the Gua-Gua pair due to Lys and metal ions places this pair in an electronic environment similar to ionized (GuaGua) + , which could explain the stability of the M1 conformation.
An example with Gua pairs in S1 conformation is observed in telomeric DNA quadruplex formations. As seen in Figure 2B , the two opposite DNA stretches contain two and three successive Gua's in S1 conformation, which tightly interact with three K + ions. Two porphyrin groups stabilize the conformation but do not bind directly to the Gua bases. The recurrent occurrence of S1 in telomeric quadruplexes (Table SIII) suggests the stability of this conformation in such an environment. Moreover, the finding of charge-transfer promoting conformations in telomers is in agreement with the experimental observation that holes are preferentially shuttled (24)). The Gua's A115-A116 are in M1 conformation. Lys is depicted in yellow, K + in cyan, and Na + in blue. (B) Telomeric DNA fragment forming a quadruplex, in interaction with K + (yellow spheres) and porphyrin (POH) (green spheres) (PDB code 2hri (25)). The Gua bases B14-B16 (red) and A9-A10 (blue) are in S1 conformation. (C) Zn finger zif12 bound to DNA (PDB code 1f2i (26)). The red Gua's (D4004-D4005) are in S1 conformation. The nucleic acid bases in salmon are part of an H-bond/cation-π stair motif, which encompasses the bases D4002-D4005 and the amino acids His J4149, Arg J4146 and Arg J4124. (D) Muth DNA mismatch repair enzyme (PDB code 2aor (22)). The Gua's D3-D4 (red) are in M2 conformation, and the next base is the hemimethylatded Gua (yellow). Arg B184, in H-bond/cation-π stair motif with Gua's D3-D4, is in blue; it makes an additional cation-π interaction with Tyr B212 (also in blue). The other residues making H-bonds with Gua's D3-D4 are in green.
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towards Gua's in quadruplexes (19). It is moreover remarkable with regard to their crucial role in DNA replication and chromosome end protection, and to their pathological character in cancer cells where they are unduly restored after replication.
A protein/DNA complex with Gua pairs in S1 conformation is depicted in Figure  2C . It involves a transcription factor, the Zn finger protein zif12, bound to its cognate DNA sequence. An H-bond/cation-π stair motif is observed at the protein/ DNA interface, defined as a positively charged amino acid or an amino acid carrying a partial charge making an H-bond with one DNA base and a cation-π interaction with the next base along the DNA stack (20) . Here the motif is composed of three successive stairs, encompassing four successive bases and three amino acids: Thy D4002  His J4149 ∨ Gua D4003  Arg J4146 ∨ Gua D4004  Arg J4124 ∨ Gua D4005, with '∨' denoting H-bond and '' cation-π interaction. Very similar stair motifs with Gua pairs in S1 conformation are observed in other Zn fingers (Table SIII) . These motifs bring positive charges between the stacked DNA bases and hence necessarily influence electron hole transfer, if present.
The last example, depicted in Figure 2D , is the DNA mismatch repair enzyme Muth in complex with DNA. The two Gua's in M2 conformation precede the methylated Ade base. They form an H-bond/cation-π interaction with Arg B184, which itself is also in cation-π interaction with Tyr B212. This protein initiates mismatch repair by recognizing hemimethylated Gua-Ade-Thy-Cyt sequences and nicking the transiently unmethylated daughter strand (21, 22) . Defects in this protein are associated with predisposition to certain types of cancer.
Conclusion
Our main result is that the stationary point conformations of stacked ionized Gua's, which tend to trap or let pass electron holes as characterized by quantum chemistry calculations, are recurrently found in double stranded DNA and RNA structures. These conformations occur for example at the interface with repair enzymes or endonucleases, suggesting that the damage created at distant sites may be funneled to the sites where it can be handled by the relevant proteins (2) . They have also been observed in DNA quadruplexes and in DNA interacting with the p53 protein or with nucleosome core particles (Table SIII) , on which the effect of DNA charge transfer has been experimentally demonstrated (2) . More generally, these conformations are associated with many key proteins involved in the regulation of replication, transcription and translation. This result supports the view that they might play a role in cell functioning through long-range signal transfer between specific DNA/ RNA-binding proteins or ligands. As several of these proteins are known to be involved in, or related to, the development of cancer, it might moreover be argued that some cancers might be related to or provoked by such defective signals.
It must also be stressed that H-bond/cation-π stair motifs are recurrently found at protein/DNA interfaces. They can be viewed as stabilizing the stationary point conformations. They can moreover be interpreted as modulating the charge transfer by introducing a positive charge in the vicinity of the Gua stack, hence stopping the transfer or preventing hole trapping on the Gua's (20).
It has to be noted that the charge distributions on the Gua pairs, given in Table  I , are calculated in the absence of any environment. For example, as stated above, the vicinity of positively charged side chains from zinc finger proteins ( Figure 2C ) probably introduces a hole-repulsive trend. Similarly, in the telomeric quadruplex depicted in Figure 2B , K + ions are positioned in front of the Gua's, and certainly modify the charge distribution and hole-trapping propensities. A difference in environment could thus be at the basis of discrepancies among different charge trapping experiments, such as those occurring for telomeric Gua triplets (19, 23).
The results of this study offer several perspectives. First, all DNA regions where stationary point conformations of oxidized Gua pairs were found, listed in Table  SIII , are likely to allow the passage or to trap electron holes. Some of these DNA regions (e.g. quadruplexes, p53-bound regions, …) are already known to be involved in charge migration, but the other occurrences are good candidates for being new targets, suited for experimental investigation. Further joint experimental and computational investigations are needed to probe into the role and mechanism of charge migration.
Supplementary material giving details on the structure dataset, the difference between the stationary point conformations and their matches in the dataset is available at no charge from the authors directly; the supplementary data can also be purchased from Adenine Press for US $50.00. It can also be downloaded free of charge from the author's server at the URL http://babylone.ulb.ac.be/pubs/ suppmat/JBSD/
